ABSTRACT Commutation failure (CF) at the inverter side is one of the most common failures in the linecommutated converter-based high voltage direct current (LCC-HVDC) system. Effective prediction of CF helps to formulate and implement protection measures timely. Since abnormal commutation voltage and DC current are the main reasons causing CF, these two factors should be fully considered in CF prediction. In this paper, to consider the effect of commutation voltage distortion, the time-domain response of the commutation voltage Fourier coefficient is deduced based on the first-order circuit response. To consider the effect of DC current variation, the time-domain response of the DC current is derived by superimposing its steadystate component and transient component, respectively. Based on these two predictive value, the extinction angle (EA) during the commutation is calculated according to the commutation voltage-time area, and the criterion based on EA is proposed to predict the occurrence of CF. The simulation results of the test system built in the PSCAD/EMTDC demonstrate the effectiveness and validity of this method.
I. INTRODUCTION
Line-commutated converter based high voltage direct current (LCC-HVDC) technology has provided promising solutions to overcome the challenge of the inverse distribution of energy resources and load, which has been wildly utilized in long-distance bulk power transmission [1] - [4] . Commutation failure (CF) at the inverter side is a very frequent dynamic event in the HVDC system [5] , [6] . The occurrence of CF will lead to a rapid drop of DC transmission power, resulting in power shock to AC system. If the first CF is not handled timely, the continuous CFs may occur at local and adjacent inverter station, which will lead to DC blocking and then cause the wide-range power outage [7] . Effective prediction of CF helps to formulate and implement protection measures timely, and improve the security and stability of the power system [8] , [9] .
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A considerable number of researches have been carried out in the field of CF analysis. The abnormal commutation voltage and the DC current are considered as the major reasons in causing CF [10] - [12] . Thio et al. [13] analyze the relationship between the extinction angle (EA) and the root mean square of the commutation voltage. Further, some scholars propose a method to calculate EA based on the nodal impedance matrix and nodal voltage interaction factor [14] . The above research treats the commutation voltage as a fundamental wave. However, the accuracy of the above methods will be affected under certain faults, for the rapid rise of the DC current will cause transformer saturation, leading to the distortion of commutation voltage [15] .
Some scholars analyze the influence of the harmonic amplitude, phase angle, and frequency on commutation process, and then propose the index of harmonic influence coefficient to measure the influence of commutation voltage distortion on CF [16] . But the calculation of this index refers to EA, which cannot be measured before the end of commutation. That means this method can only be used for post-fault analysis rather than prediction. Authors in [17] propose a dynamic evaluation index based on the simplified harmonic commutation coefficient to measure the risk of CF. This method considers the commutation overlap angle approximately unchanged during the commutation. However, the simplification of this method will inevitably introduce relatively great errors, for the commutation overlap angle may change significantly due to the DC current variation and the commutation voltage distortion. Besides these method, a calculation method of pseudo EA is proposed in [18] , which can be used as a direct control variable to realize the real-time EA control and thus mitigate the CF. However, this method has deficiencies in accuracy and applicability in some scenarios, for the commutation voltage is assumed as a pseudo value according to the historical data, and the effect of DC current variation is not considered.
Considering the influence of DC current on commutation process, some scholars deduce and calculate the critical current of CF based on the relationship between commutation voltage distortion and DC current [19] . This method can only be used for post-fault analysis of CF rather than ex ante forecasting, for the lack of commutation voltage prediction.
It can be concluded that lack of effective prediction method of commutation voltage and DC current in the transient process is the prominent problem faced by the existing research on predicting CF. Thus, in this paper, a CF prediction method considering commutation voltage distortion and DC current variation is proposed. The main contributions of this paper are: 1) Solve the difficulty of commutation voltage prediction by deducing the time-domain response of the commutation voltage Fourier coefficient based on the first-order circuit response. 2) Solve the difficulty of DC current prediction by deriving the time-domain response of the DC current consisting of the steady-state component and transient component. The proposed method can be utilized to effectively predict a CF caused by AC system faults according to the measurement information during limited time.
The remaining of this paper is as follows: In Section II, the commutation process, and the influence of commutation voltage distortion as well as the DC current variation on CF is analyzed. In Section III, the commutation voltage prediction method is introduced. In Section IV, the DC current prediction method and the CF criterion are proposed. Case studies and conclusions are presented in Section V and Section VI, respectively.
II. DESCRIPTION OF THE COMMUTATION PROCESS AT THE INVERTER SIDE
The structure of six pulse converter at the inverter side is shown in Fig.1 During the commutation, due to the effect of L c , phase current cannot be changed instantaneously. It takes a certain time for current to transfer from one phase to another, and the electrical angle corresponding to this period is called commutation overlap angle µ. Besides this, the firing angle, leading firing angle, and the extinction angle of valves are generally expressed by α, β, and γ . The relationship between commutation voltage and the corresponding valve current during the commutation is shown in Fig.2 .
At the end of commutation, if the expected cut-off valve cannot establish a forward voltage blocking capability, it will conduct again when the commutation voltage cross zero, which is called CF.
Taking the commutation process from valve 1 to valve 3 as an example, the relationship between the commutation voltage e ba and the corresponding valve current i 1 , i 3 can be described as:
For i 3 = I d -i 1 , substitute this equation to (1) and integrate the both sides of (1) from t β to t γ , then the following equation can be obtained:
where t β is the time when the commutation begins, and t γ is the time when the commutation ends.
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For i 1 (t β ) = I d (t β ), and i 1 (t γ ) = 0, thus (2) can be written as:
where
e ba (t)dt is called commutation voltage-time area, corresponding to the shaded area in Fig.2 .
Refer to (3), it can be known that t γ is related to the commutation voltage e ba and the DC current I d when L c and t β are known. The required commutation voltage-time area is determined by I d , and t γ is affected by the commutation voltage distortion. Therefore, prediction of the commutation voltage and the DC current is crucial for predicting t γ , γ , and thus the CF. The prediction process of CF in the (N +1)-th cycle can be briefly illustrated by Fig.3 . Where Step 1, Step 2, and Step 4 mentioned in Fig.3 will be introduced in detail in Section III and Section IV.
III. COMMUTATION VOLTAGE PREDICTION METHOD CONSIDERING DISTORTION
This section is divided into three parts. Firstly, the reason why considers commutation voltage distortion and the elements that need to be predicted are introduced in the Part A. Then the form of transient response in the power system is analyzed in the Part B. Finally, based on the above two parts, the prediction procedures of the commutation voltage are introduced in the Part C.
A. HARMONIC ANALYSIS OF COMMUTATION VOLTAGE
In the HVDC systems, the injection of harmonic mainly comes from the following three aspects [20] , [21] : 1) the operation of converter and other power electronic elements in the HVDC systems; 2) the converter transformer saturation caused by the rise of DC current 3) the breaking of the circuit breaker when the system faults.
Set three-phase short circuit fault at the inverter side converter bus in the CIGRE HVDC Benchmark Model. The grounding resistance is 0.01 , and the fault time is from 0.5s to 0.6s. The harmonic analysis of the commutation voltage after the fault is shown in Fig.4 .
As can be seen in should be considered in the prediction of commutation voltage. Taking e ba as an example, the commutation voltage can be written in the form of Fourier series:
where ω 0 = 100π (rad/s) is the fundamental frequency angular velocity of the system; E n and ϕ n represent the amplitude and phase angle of the n-th harmonic component. Particularly, n = 0 represent the DC component and n = 1 represent the fundamental frequency component. Therefore, the prediction of commutation voltage is actually the prediction of E n and ϕ n .
B. ANALYSIS OF THE POWER SYSTEM TRANSIENT RESPONSE
Transient process exists both in failure and recovery for there are energy storage components such as inductance and capacitance in the power system. The HVDC system has long inductive transmission line, thus can be approximately regarded as a first-order RL equivalent circuit in the transient process. The transient response of the circuit f (t) corresponds to the solution of the first-order homogeneous differential equation with constant coefficients, which has the following form:
where a(t) and x(t) are the steady-state component and transient component of f (t); τ is the eigenvalue of the equivalent circuit; b is a constant related to the parameters and initial conditions of the equivalent circuit.
Denote T = 2π/ω 0 as the time of sampling cycle, then the Fourier coefficient A n and X n of a(t) and x(t) can be obtained by the following equation:
where j is the unit of imaginary number. Therefore, the Fourier coefficient F n of f (t) can be obtained:
where u 0 , ν 0 , u 1 , ν 1 are intermediate variables in the calculation process. Denotef k (t) as the k-th sampling cycle, which has the following form:
The Fourier coefficientF n (k) off k (t) can be obtained by the following equation:
In (9), the real part and imaginary part ofF n (k) satisfy the following forms respectively:
where ψ n and ψ n represent the function of real (F n (k)) and imag (F n (k)) respectively; θ n = θ n = θ = {τ, µ i , ν i |i = 0, 1} represent the parameters related to the system parameters and initial conditions. Refer to (10) , if the θ can be obtained, the trends ofF n (k) and then thef k (t) can be predicted.
It should be noted that θ n and θ n are generally different due to the existence of data errors, thus θ n and θ n should be fitted separately in the actual fitting process.
C. PROCEDURES OF COMMUTATION VOLTAGE PREDICTION
When an asymmetric fault occurs in the system, three-phase voltage of the converter bus can be decomposed into positive, negative and zero sequence components [22] . For the existence of rotating elements in the power system, distinct electromagnetic processes will be caused by the passage of different sequence component, so the three-sequence impedance and the equivalent circuit parameters are generally different, which means the three-sequence component should be predicted separately.
Denote the failure recovery time as the initial time, taking the commutation process in the (N +1)-th cycle (N >2) as an example, the prediction procedures of commutation voltage are listed as follows: 2) Calculate the Fourier coefficients of the three-sequence voltage of the converter bus according to the symmetric component method, and record them asF na (1) 
where k = 1, 2, . . . , N , and α = e j 2π 3 = −0.5 + j0.5 √ 3; 3) Fit the parameters of ψ n and ψ n :
whereθ n(ξ ) andθ n(ξ ) represent the fitting parameters of ψ n and ψ n ; fit is the fitting function based on the principle of least square, its form isθ = fit(fun, {X , Y }), which means fitting Y = fun(θ, X ) and returning the fitting parametersθ . (2) (N + 1)
4) PredictF na(ξ ) (N + 1):
6) Predict the commutation voltage during the commutation in the (N +1)-th cycle:
The harmonic coefficient of three-phase voltage can be approximately represented byF n(i) (N + 1), i = a, b, c. Taking the commutation process from valve 1 to valve 3 as an example, the predictive value of E n and ϕ n in (4) can be calculated by the following equation:
whereÊ n andφ n are the predictive value of amplitude and phase angle of the n-th harmonic.
IV. THE DC CURRENT PREDICTION METHOD AND COMMUTATION FAILURE CRITERION
To solve the difficulty of DC current prediction, the timedomain response of the DC current is derived in the Part A.
Then based on the predictive commutation voltage and DC current, the criterion of CF and its prediction method are introduced in the Part B.
A. THE DC CURRENT PREDICTION METHOD IN THE COMMUTATION PROCESS
Taking the commutation process from valve 1 to valve 3 as an example, the equivalent circuit of the commutation process is shown in Fig.5(a) Fig.5 (a) can be simplified as Fig.5(b) . According to the superposition theorem [23] , the DC current in the commutation process is composed of steady-state component and transient component. The specific form is shown in Fig.6 .
In Fig.6 ,Ė iRn andĖ iIn represent the n-th harmonic phasor of the rectifier and inverter phase voltage respectively, i = a, b, c.İ dn_∞ represent the n-th harmonic phasor of the DC current steady-state component. I d_p (t) represent the DC current transient component, and I d_p (0 + ) is the initial value of I d_p (t). δ(t) is the unit impulse function.
The steady-state component of DC current I d_∞ (t) can be obtained by the following equation: The transient component of the DC current I d_p (t) can be obtained by the following equation:
where I d (0 + ) and I d_∞ (0 + ) are the initial value of I d and I d_∞ . The full response of DC current during the commutation consists of DC current steady-state and transient component, which can be written as:
Combine (16), (17), (18), and substitute the predictive value of the three-phase voltage, then the predictive DC current during the commutation can be obtained by the following equation:
In (19) ,Ê iRn ,φ iRn represent the phasor and phase angle of the three-phase voltage at the rectifier side, andÊ iIn ,φ iIn represent the phasor and phase angle of the three-phase voltage at the inverter side; i = a, b, c. VOLUME 7, 2019
B. COMMUTATION FAILURE CRITERION
The essence of predicting CF is to predict EA γ . According to the definition, the predictive value of EAγ can be expressed by the following equation:
wheret 0 represent the predictive commutation voltage zerocrossing time;t γ represent the predictive time of the end of commutation. Base on (4),t 0 can be calculated by the following equation:
Substitute (15) and (19) into (3),t γ can be calculated by the following equation:
With the increase of harmonic number n, E n will decay rapidly, thus the influence of high-frequency harmonic can be ignored in (21) and (22) . In addition, it is worth mentioning that (21) and (22) belong to the category of transcendental equations, in which the analytic solutions cannot be calculated. This paper will solve this problem by numerical methods.
CF is considered to occur whenγ is less than the limit EA γ min . Generally, it takes 400us before the expected cutoff valve can establish a forward voltage blocking capability, and the corresponding electrical angle is 7.2 • . Therefore, it is generally considered that γ min equals to 7.2 • .
V. CASE STUDY
This section is to verify the validity of the proposed method. In the Part A, the parameters and fault settings of the test system is introduced. And the simulation results are presented and analyzed in the Part B, which show the effectivity of this CF prediction method. 
A. INTRODUCTION OF TEST SYSTEM
The CIGRE HVDC Benchmark Model (Fig.7) is applied in this paper. This model is built in PSCAD/EMTDC, the rated voltage and capacity of DC side is 500kV and 1000MW, respectively. The three-phase short circuit fault is set at the converter bus of the inverter side with grounding resistance of 20 . Failure duration is 0.1s, from 1.0s to 1.1s. The curve of EA during the failure is shown in Fig.8 .
It can be seen from Fig.8 that the first CF occurs at 1.00285s, and then two continuous CFs occur at 1.02150s and 1.64160s respectively. Following is mainly the analysis of the third CF.
B. SIMULATION RESULTS

1) PREDICTION OF THE COMMUTATION VOLTAGE
Set simulation step as 50us, thus the sampling frequency f s equals to 20kHz. In this section, the three-sequence components of commutation voltage in the 4th to 8th cycles are predicted.
Taking the fundamental frequency (50Hz) and double fundamental frequency (100Hz) harmonic components as examples, the comparison of predictive and actual value is shown in Fig.9 .
The three-sequence harmonic components are divided into real part and imaginary part respectively for analysis. The blue dot means the actual value, and the predictive curve is obtained by fitting the previous N -1 actual value, and used for predicting the N -th actual value.
As Fig.8 shows, the prediction error decrease gradually with the increase of N , which means that more fitting data can help to improve the accuracy of parameters. Further analysis shows that the positive-sequence component is the largest in the three-sequence component. And because of the Yconnection mode of the converter transformer, there is no zero-sequence current in the secondary side, so the zerosequence component is almost zero. Except the positivesequence component of fundamental frequency, the other components gradually decay to zero.
Convert the three-sequence component into three-phase component, the comparison of predictive and actual value is shown in Table 1 .
Denote Error N as the prediction error of the commutation voltage in the N -th cycle: The comparison of Error N in the 4th to 8th cycles is shown in Table 2 .
It can be seen from Table 2 that Error N of the fundamental frequency (50Hz) and double fundamental frequency (100Hz) are all relatively small, and show a decreasing trend in general. It shows that this proposed method can effectively predict the commutation voltage after failure recovery.
2) PREDICTION OF DC CURRENT
Based on (19) , the DC current can be predicted according to the predictive three-phase voltage. Taking the commutation process from valve 1 to valve 3 in the 4th cycle as an example, compare the predictive and real curve of the DC current in the commutation process, and the result is shown in Fig.10 .
It can be seen in Fig.10 that the actual DC current approximately rise by 0.032kA during the commutation. The prediction error of the DC current at the end of commutation is about 0.001kA, which is much smaller than the changed value. Therefore, the DC current prediction method proposed in this paper has relatively high prediction accuracy. The commutation voltage and conducting current of valve 1 in the 4th cycle is shown in Fig.11 .
It can be seen from Fig.11 that when the commutation voltage cross zero, the conducting current of valve 1 has not dropped to zero, leading to the CF. According to the method proposed in this paper, the EA of valve 1 during this commutation is predicted below.
For comparison, four prediction methods considering different factors are adopted:
I: Both the commutation voltage distortion and DC current variation are considered, which is the proposed method in this paper;
II: Only the commutation voltage distortion is considered; III: Only the DC current variation is considered; IV: Traditional method without considering the commutation voltage distortion and DC current variation is adopted.
The comparison of the actual and predictive EA of the four methods is shown in Table 3 .
For the sampling frequency f s equals to 20kHz, thus the minimum error of the predictive EA is 0.9 • . It can be seen from Table 3 that the prediction accuracy of EA can be effectively improved by considering S1 and S2, especially the S1.
In actual operation, the control strategy of Constant Extinction Angle (CEA) is adopted at the inverter side. The signal used for CEA is the minimum EA of six valves in one cycle, which is denoted as min_γ in this paper. The actual and predictive min_γ of the four methods in the failure are shown in Fig.12 .
As can be seen in Fig.12 , the predictive min_γ of the four methods deviate greatly in the early stage of the failure recovery. In this stage, Method I and Method II can effectively predict the CF, and Method I performs better. In the late stage of the failure recovery, the predictive min_γ of the four methods are all closed to the actual value. The reason is that in the late stage of failure recovery, the distortion of the commutation voltage has been alleviated, and the DC current variation is relatively small, which have less influence on EA.
VI. CONCLUSION
The factors related to the commutation process are analyzed from the mechanism of CF in this paper, and in view of this, a method to predict CF considering commutation voltage distortion and DC current variation is proposed. By analyzing the simulation results of the CIGRE HVDC Benchmarking Model built in PSCAD/EMTDC, it can be concluded that:
1) The predictive commutation voltage based on the firstorder circuit response is in good agreement with the actual value, which means the commutation voltage can be effectively predicted by the proposed method.
2) By comparing with the actual value, it shows that the derived time-domain response of the DC current consisting of steady-state component and transient component can effectively reflect the change of DC current during the commutation.
3) The prediction accuracy of EA can be effectively improved by considering the commutation voltage distortion and DC current variation, especially the former.
The above results show the validity of the proposed method in predicting CF. Further working will consider the effect of capacitance on the form of circuit transient response, which can improve the adaptability of the proposed method in more complex system.
